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ABsSTRACT. Disulfide S-monoxide (DSMO) and disulfide S-dioxide (DSDO) have been proposed as proximal
mediators for the oxidant-mediated modification of proteins. These disulfide S-oxides (DSOs) derived
from glutathione (GSH) and captopril (CPSH) were synthesized by iron- or methyltrioxorhenium (VII)-
catalyzed oxidation of the thiols with J,. Treatment of mouse hippocampal extracts witS[GS-

DSOs revealed that a large number of proteins were susceptible to thionylation; however, only a limited
number of the them were detectable by the commonly used antibody against GS-associated proteins.
Using protein kinase C (PKC) as a model, we found that DSOs derived from different thiols modified
this kinase with different efficacy and specificity; for example, the inhibitory potency of the kinase was
glutathione disulfide S-dioxide (GS-DSDO) g§~30uM) > captopril disulfide S-dioxide (CPS-DSDO)

(ICs0, ~450 uM) > glutathione disulfide S-monoxide (GS-DSMO) and captopril disulfide S-monoxide
(CPS-DSMO). The stoichiometries of thionylation of PiGnediated by PS]GS-DSMO and $S]GS-

DSDO were approximately 1 and 5 mol/mol, respectively, and at least four glutathionylation sites were
identified in the GS-DSDO-treated kinase. Modification of PKC by GS-DSDO and CPS-DSDO rendered
the kinase very susceptible to limited proteolysis; the former preferentially caused the degradation of the
catalytic and the latter the regulatory domain of the kinase. Furthermore, CPS-DSDO-mediated modification
of PKC increased the autonomous kinase activity; this was not the case for GS-DSDO-mediated
modification. Since DSOs of different oxidative states as well as those derived from different thiols exert
different effects on a target protein, these molecules could cause distinct cellular responses if derived
from endogenous cellular reactions or even if they arise from exogenous sources.

Redox modification of protein by the abundant cellular redoxin reductase3j. The most recognizable form of the
thiol, glutathione (GSH}, provides a mechanism for the oxidized GSH, glutathione disulfide (GSSG), is rather inert
alteration of protein function similar to the phosphorylation/ and mostly involved in thiol-disulfide exchange reaction.
dephosphorylation catalyzed by protein kinases and phos-Previously, we showed that treatment of rat brain slices with
phatases. Even though many enzymes, transcriptional factorspxidants caused neurogranin to be thionylated as well as
cell surface receptors, and cytoskeletal proteins have beerforming intramolecular disulfide4). It was speculated that
shown to be thionylated1( 2), the full extent of this these oxidant-mediated modifications of protein were par-
regulatory mechanism has not yet been fully explored. tially triggered by two highly reactive disulfide S-oxides
Modification of proteins by oxidized GSH-derivatives is (DSOs), glutathione disulfid§8-monoxide (GS-DSMO) and
generally believed to be nonenzymatic, whereas reductionglutathione disulfide S-dioxide (GS-DSDOQ). These two
of the oxidized protein has been proposed to be mediatedDSOs were detected in the oxidant-treated rat brain slices
by thiol-disulfide exchange and by glutaredoxin and thio- |abeled with f°S]cysteine. GS-DSMO and GS-DSDO were
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is a widely used anti-hypertensive drug, which also has trations were determined by titration with freshly prepared

antioxidant activity 9). Patients taking this drug are known
to have their serum albumin thionylatetf. Using protein

cysteine. The reaction mixture (50.) contained 50 mM
sodium phosphate buffer (pH 7.2), 0.2 mM EDTA, 0.3 mM

kinase C (PKC) as a model, we showed that the synthetic cysteine, and an increasing amount of DSOs. After incubation
DSOs of different oxidative states, DSMO vs DSDO, and of the sample at room temperature for 10 min, 2Q00f
those derived from different thiols, GSH vs CPSH, exhibited DTNB solution (containing 0.25 M sodium phosphate buffer,
distinct effects on PKC. These findings suggest that DSOs pH 7.2, 1 mM EDTA, and 0.3 mM DTNB) was added, and
from a variety of thiols may contribute to a broad range of the reduction in free-SH was measured spectrophotometri-
redox regulation that has not previously been appreciated.cally at 410 nm. The reaction products of cysteine and DSOs
The method described here for the preparation of DSOs will were identified by HPLC and ES-MS. The predicted stoi-
be useful for the characterization of protein modification chiometry of reaction between DSMO and cysteine was 1:2

mediated by a variety of thiols, including natural products
and drugs.

MATERIALS AND METHODS

and that of DSDO and cysteine was 1:1.
Spectrophotometric Assay of Oxidation of 5-Mercapto-2-
nitrobenzoate(MNB) by DSOs.The reactivities of DSOs
toward the—SH group were determined by reaction with
MNB derived from the reduction of DTNB with cysteine.

Materials. The following materials were obtained from  tha reaction mixture (25QiL), which contained 0.2 M
the indicated sources: GSH, GSSG, CPSH, cysteine, cystineg,q4im phosphate buffer (pH 7’_2) 0.8 MM EDTA. 0.25 mM

homocysteine, diamide, 3;8ithiobis(2-nitrobenzoic acid)

(DTNB), bovine serum albumin (BSA), trypsin, soybean
trypsin inhibitor, diethylenetriaminepentaacetic acid (DTPA),
iodoacetamide, and methyltrioxorhenium (VII) (MTO) from
Sigma-Aldrich; S-nitrosoglutathione (GSNO) from Calbio-
chem; HO,, ferric nitrate, and ferrous acetate from Fisher
Scientific; F°S]JGSH from American Radiolabeled Chemicals
Inc.; Microspin G-25 column from Amersham Biosciences;

glyceraldehyde 3-phosphate dehydrogenase from Boehringe
and Mannheim; mouse monoclonal antibody against gluta-

thione—protein complexes from ViroGen: Bradford protein

assay reagent, horseradish peroxidase-conjugated goat ant

mouse and rabbit antigoat 1gG from Bio-Rad. Rat brain
tubulin was a generous gift of Dr. Jan Wolfe, NIH.
Preparation of DSOs Deved from GSH and CPSH5SH
(50 mM) dissolved in water was incubated with®4 (100
mM) and MTO (0.5 mM) at room temperature for 30 min.
The reaction mixture (400L) was injected into a g reverse

DTNB, and 66-70 uM cysteine, was incubated at room
temperature for-5 min to generate MNB. A small volume
of each DSO €5 uL) was added, and the reaction was
monitored by the oxidation of MNB, which resulted in a
decrease in absorbance at 410 nm.

Modification of Proteins by DSO®rotein samples (50
100 uL) were incubated in 10 mM potassium phosphate
buffer, pH 7.5, containing 10% glycerol, and 2 mM DTT at
foom temperature for 30 min to reduce protein sulfhydryl
groups. They were then loaded on top of G-25 Microspin
columns, previously equilibrated with 20 mM potassium
bhosphate buffer, pH 7.2, containing 20% glycerol, and
centrifuged at 5000 rpm fo7 s in anEppendorf centrifuge
to separate reduced proteins from DTT. Protein and residual
DTT concentrations were determined before addition of
DSMO and DSDO to the indicated concentrations, which
were the net after subtraction of the fre&H in the samples.
After the indicated times of incubation, iodoacetamide (final

phase HPLC column (connecting two Vydac 218TP510, 1.0 10 mM) was added to stop the reaction, and samples were

x 25 cm) and eluted with 0.1% TFA fd. h at aflow rate
of 1 mL/min, and the chromatography was monitored by

analyzed by nonreducing SB®AGE and/or immunoblot.
For measurement of PKC activity after modification with

the absorbance at 215 and 244 nm. DSOs derived from CPSHyS0s, iodoacetamide was omitted. Aliquots of PKC reaction
were prepared under the same incubation conditions as GSHmixtures €600 units,~1700 units/mg) were taken at timed

The reaction mixture was injected into agCeverse phase
HPLC column (one Vydac 218TP510, 1:0 25 cm) and
eluted with a linear gradient of ¥310% acetonitrile (in 0.1%
TFA) for 30 min at a flow rate of 1 mL/min. Fractions of
0.5 mL were collected, lyophilized, and subjected to elec-
trospray mass spectrometry (ES-MS) analy$tS]fLabeled
GS-DSOs were prepared by initial dilution of the radioactive
GSH with non-radioactive GSH to a specific activity of
~1000-2000 cpm/pmol and separated from DTT present
in [3S]GSH by HPLC on a & reverse phase column
(connecting three Vydac 218TP54 columns, 0:4@5 cm,

in tandem). The sample was eluted from the column with
0.1% TFA at a flow rate of 1 mL/min for 50 min. Pooled
[3°S]GSH was lyophilized and incubated in 100 reaction
mixture containing 1 mM¥S]GSH, 3 mM HO,, and 200
uM MTO for 20 min. The reaction products were separated
by the same g column. The yields of GS( + GSQH,
GS-DSMO, and GS-DSDO were approximately—ZD%
each and that of GSSG was less than 10%.

Determination of the Concentrations of DSA3SOs
purified by HPLC were dissolved in water, and the concen-

intervals and diluted at least 10 times into the assay mixture
containing 30 mM Tris-Cl buffer, pH 7.5, 6 mM Mgg&l
0.12 mM [-*2P]ATP, 40uM Ng28—43 peptide, and 100
ug/mL PS+ 20 ug/mL DG + 0.4 mM CaC} or 2 mM
EGTA without C&" and lipid activators. Assays were
performed at 3C°C for 2 min, and3?P-incorporation into
the peptide substrate was measured by the Dowex AG1
8/DEAE-cellulose mini column method 1). A unit of PKC
activity is defined as the amount of enzyme catalyzing the
incorporation of 1 pmol of phosphate into the substrate per
min. To determine the reversibility of DSO-mediated inac-
tivation, DTT (10 mM) and ZnS®(50 uM) were added at
different time points. To determine the stoichiometry of
thionylation, rat brain PK@ was incubated with 1 mM DTT
on ice for 20 min to reduce the enzyme and was then
separated from DTT by a G-25 Microspin colum. The
enzyme £10—-20 ug) was incubated with*{S]GS-DSMO

or [**S]GS-DSDO at room temperature in 10 mM potassium
phosphate buffer, pH 7.5, containing 10% glycerol, and
aliquots were taken at timed intervals, precipitated with 20%
TCA with the addition of 10Qug of BSA as carrier. After
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the samples were subjected to centrifugation in a micro-
centrifuge at 14 000 rpm at 4C for 10 min, the pellet was
washed once with 20% TCA and dissolved in 2000f 0.1

N NaOH for determining the radioactivity by scintillation
counting with the addition of 10 mL of Bio-Safe Il counting
solution. For limited proteolysis, thionylated PKG 10— °

w P

u,

C Oxidation of GSH with Fe3+ or Fez+

[
o

Absorbance (AU)
N

Absorbance at 244nm

200 225 250 275 300 Wavelength (hm) 0 5 10 15 20

15 ug) was incubated with trypsin (PKC/trypsia 80) at A P e ——
room temperature, aliquots were taken at different times, and B, -~ g

the reaction was terminated by soybean trypsin inhibitor (20 g / \ g o

uQ). Proteolyzed PKC was resolved by 86% nonreducing go-s / éu 7

SDS-PAGE and transferred to nitrocellulose membrane, and 5:://\/ o] [ s
thionylated PKC fragments were detected by autoradiography o T

and, subsequently, immunoblotted with PKC polyclonal W 25 20 28 300 Wavsength(om) 0 T
antibody (2). Alternatively, the proteolytic fragments of Fez:, Fes+

PKC were revealed by staining the gel with Coomassie blue. GSH + Hz202 GS(0)SG + GS(0):SG
Rat brain C&'/PS/DG-stimulated PK@, 8, andy were

purified from rat brain as previously describebB). GSH + H20: M_TO_» GS(0)SG + GS(0):SG

Immunoblot of Glutathionylated PK®KC (~1 ug) was _ _
Ficure 1: Absorption spectra of DSMO and the spectrophotometric

mcubalted with DSOs at room tem_peratu_re in 10 mM assay of DSMO formation by oxidation of GSH with,®h. (A)
potassium phosphate buffer, pH 7.5, in duplicate for 5 min, apsorption spectra of purified GS-DSMO (0.55 mM) in water

and one set of the reaction mixture was terminated by the exhibited a minor peak near 244 nm and upon addition of 2 mM
addition of iodoacetamide (13 mM) and the other by addition cysteine the absorbance at this wavelength was progressively
of DTT (10 mM) for 5 min followed by iodoacetamide (13  reduced. (B) The differential spectra of GS-DSMO before and after
. . 20 min incubation with cysteine exhibited a peak near 244 nm.
mM). To each O.f these reaction mixtures, SERAGE (C) GSH (2 mM) was incubated with 4 mM_B, in the presence
samp_le buffer without mercaptoethar)ol was added, andof'40 (v) and 80uM (V) Feét, 40 @) and 80uM (O) Fet, or
proteins were resolved by-86% gradient SDSPAGE. without metal ©) and the absorbance at 244 nm was monitored.
Proteins were transferred to nitrocellulose membrane andGSH alone without KO, or metal ion showed no change in the
blotted with monoclonal antibody against GSH-associated absorbance®). (D) GSH (2 mM) was incubated with 4 mM23,

. . - . . in the presence of 1068}, 200 ©), and 400uM (¥) MTO and
protein (at 1:1000 dilution), HRP-conjugated goat anti-mouse 5ggg (2 mM) was incubated with the same concentration,@6H

IgG, and immunor(?aCtiVe band revealgd by ECL. The Samein the presence of 200v) and 400xM (M) MTO. Absorbance at
membrane was stripped and blotted with goat anti-rat brain 244 nm was monitored.

PKC antibody {2) to reveal the total amount of PKC applied. _ _ _ _ _
Those DSO-treated samples that were terminated by iodo-TOF ion optics (Applied Biosystems, Inc., Framingham,
acetamide alone represented the thionylated proteins and"/A)- In MS/MS mode the instrument was always operated
those terminated by DTT followed by iodoacetamide rep- With the collision gas off. All calibrations were performed
resented proteins whose modifications were reversed byOnly after allowing instrument voltages to stabilize for at
DTT. least 60 min in the operation mode. Samples were prepared

Identification of Modified PeptidesThe tryptic peptides Py spotting 0.3:L of an LC separated tryptic digest fraction
that were modified by GSH adduction were identified by f© the plate along with an equal volume of the matix (
MS/MS analysis of fragmentation spectra using MALDI cygno-4-hydro?<yC|nnam|c acid) SO'“"'OT‘ (5 mQ/mL recrys-
TOF/TOF under unimolecular decomposition conditions. falizéd matrix in 1:1 0.1% TFA/acetonitrile with 10% 0.1
MALDI mass spectra of LC separated fractions of the labeled M NH4H2PQy) and left to air-dry. The sample plate calibra-
peptides were inspected for pairs of peptides differing in mass tion file was updated for each plate using five spots of the
by 304 Da corresponding to loss or adduction of GSH. The ABI4700 Cahbrayon M|xture. M.S mpde d(_afault callbrgtlon
pairs of candidate ions identified were subjected to frag- Was updated daily using a calibration mixture spot in the
mentation in a MALDI TOF/TOF instrument, and partial center of the plate. MS/MS default c_allbratlon was ypdated
peptide sequences were reconstructed manually. The sebased on_successfully p_erformlng an |_ntgrnal callbratl_on using
quences derived were matched against the sequence of PK€ Y-series fragment ions of Glu-Fibrinogen peptidéz
8, and the full sequence of the tryptic peptide was deduced 1570.677. MS spectra were obtained for each_sample using
by locating a peptide that included both the derived sequence®00 laser shots in MS mode and 3500 shots in MS/MS.
and matched peptide mass.

Mass SpectrometryeS-MS was performed using M- RESULTS
Scan’s Quattro Il upgraded Bio-Q instrument with quadru-  Spectrophotometric Assay of DSOs FormatiParified
pole analyzer for the identification of the various DSOs. GS-DSMO displayed an absorption peak at 244 nm, which
Myoglobin was used to calibrate the instrument. Sample was not present in GSH and GSSG. Addition of cysteine to
aliquots (1QuL) were injected into the instrument, and elution GS-DSMO resulted in the formation of GSH/cysteine mixed
was carried out using a mixture of acetonitrile, 0.1% TFA, disulfide with a concomitant reduction in the absorbance at
methoxyethanol, and isopropanol (1:1:1:1) at a flow rate of 244 nm (Figure 1A). The differential spectra of GS-DSMO
5 uL/min. The spectra were deconvoluted, and the massesand the GSH/cysteine mixed disulfide exhibited a peak at
were expressed in daltons. MALDI MS and MS/MS analyses 244 nm (Figure 1B). Similarly, incubation of captopril
were carried out in a semi-automated fashion using an disulfide S-monoxide (CPS-DSMO) with cysteine resulted
Applied Biosystems 4700 Proteomics analyzer with TOF/ in a reduction of absorbance at 244 nm. In the absence of
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thiol, both GS-DSMO and CPS-DSMO were stable at neutral
pH and reacted quantitatively with cysteine. The distinct
absorbance of DSMO at 244 nm was not present in DSDOs,
and its formation was determined by ES-MS following HPLC
purification. Since DSMO is an initial product of oxidation
of thiol with H,O, and is converted to DSDO upon further

oxidation, measurement of the increase in absorbance at 244

nm was used to optimize the condition for the oxidation of
thiol or disulfide to form DSOs. Decomposition of DSMO
has also been shown to lead to DSDO and the disulfide by
a disproportionation proces&4).

Recently, GS-DSMO and GS-DSDO was identified as
decomposition products of GSNG4(15). The rate of
decomposition of GSNO at room temperature was slow and
generated a variety of products including limited amount of
DSOs. Previously, DSMOs were prepared by oxidation of
disulfide with peracid 16—18) and GS-DSMO and GS-
DSDO were shown to be generated by oxidation of GSH
with H,O, or other peroxides near neutral ptb). However,
reaction of thiol with HO, without catalyst is a relatively
slow process and often requires a higher temperati8e (
MTO has been shown to be an efficient catalyst for the
oxidation of symmetric disulfides with #D, to form DSOs
(14). To prepare these reactive sulfur species, we employed
a spectrophotometric assay to optimize the conditions for
the synthesis of these compounds. The rate of oxidation of
GSH (2 mM) by HO, (4 mM) at room temperature,
measured at absorbance of 244 nm, without metal ion was
relatively slow, and the rate was greatly increased by iron
(Figure 1C). The reaction catalyzed by3Fewas more
efficient than that by . Similarly, Fé* was more effective
than F&" in catalyzing the oxidation of other thiols, including

Huang et al.
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Ficure 2: ldentification of the reaction products derived from
oxidation of CPSH with HO, catalyzed by F& or MTO. CPSH
(50 mM) was incubated with 0, (100 mM) in the presence of

CPSH, cysteine, and homocysteine (data not shown). Oxida-0.5 mM Fé* (A) or 0.5 mM MTO (B) for 30 min, the reaction

tion of GSSG by HO; in the presence of e or FE' was
much less efficient than that of GSH (data not shown). Both
the Fé"- and Fé"-catalyzed reactions were inhibited by
metal chelators, EDTA or DPTA.

The rate of MTO-catalyzed oxidation of thiol (2 mM) by
H,0, (4 mM) to form DSOs was also more efficient than
that of disulfide (Figure 1D). MTO binds one or two
molecules of HO, to form mono- and di-peroxides, respec-
tively, and the rhenium-coordinated peroxides are activated
for nucleophilic attack by a range of substrates, including
alkyl and aryl sulfides Z0). The sulfur atom in thiol
apparently is a stronger nucleophile than that of the disulfide,
and thus, the oxidation of thiol is faster than its disulfide as
shown in this study. It is interesting to note that the amount
of GS-DSMO formed in this reaction is positively correlated
to the concentration of MTO. This phenomenon was also
observed for the oxidation of CPSH with MTO. A parsi-
monious explanation of this observation is that the faster the
oxidation of thiol to form DSMO the less the chance of
consumption of DSMO by thiol to form disulfide and other
compounds, which exhibit less absorbance at 244 nm. In
contrast to the iron-catalyzed reaction, the MTO-catalyzed
oxidation of thiol was insensitive to metal chelators, EDTA
or DPTA.

Purification and Identification of the Oxidation Products
of Thiols.The reaction products of oxidation of GSH by®4
and F&" or MTO were separated by,greverse phase HPLC
as previously described4). The major products were
identified by ES-MS as GS-DSMO [GS(O)S@/z = 629.2],

mixture was injected into a fgreverse phase HPLC column, and
the chromatography was monitored at 215 nm (see Experimental
Procedures for details). Fractions were lyophilized and analyzed
by ES-MS (C).

GS-DSDO [GS(O)SG, m'z = 645.1], and GSSGniz =
613.1) (data not shown). The oxidation products of CPSH
in the presence of #D, and Fé" (Figure 2A) or MTO
(Figure 2B) were CPS-DSMO [CPS(0)SQRz = 449.1],
captopril disulfate S-dioxide (CPS-DSDO) [CPS{OpS,
m/z= 465.1], and captopril disulfide (CPSSGRz= 433.1)
(Figure 2C). Other products that have been identified were
sulfonic acid (CPSgH) (m/z = 266.1) and sulfinic acid
(CPSQH, m/z = 250.1), both of which were eluted near
the void volume. The Fe-catalyzed oxidation of thiols
generated a more complex array of products as compared to
those by MTO and several of which had not been identified.
Reactvity of DSMO and DSDO toward ThiolThe
reactions of GS-DSMO and GS-DSDO with MNB, which
is derived from the reduction of DTNB with thiol, were
monitored by the decrease in absorbance at 410 nm (Figure
3A). The reaction of GS-DSDO with MNB was instanta-
neous and immediately reached a steady state, indicating a
very high reactivity of this compound toward thiol. When
compared to the frequently used oxidant diamide, the rate
of reaction of GS-DSMO (9aM) with MNB (60 uM) was
at least 2-3-times faster than that of diamide (96V)
(Figure 3A). The reaction kinetics of CPS-DSDO with MNB
were also very fast (Figure 3B) and similar to those of GS-
DSDO and MNB, suggesting that these DSDOs are excellent
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Ficure 4: Thionylation of glyceraldehyde 3-phosphate dehydro-
genase and rat brain tubulin with GS-DSMO and GS-DSDO.
Reduced glyceraldehyde 3-phosphate dehydrogenase (G3PDH, 0.17
mg/mL) and tubulin (0.17 mg/mL) were incubated in 10 mM
potassium phosphate buffer, pH 7.2, containing 10% glycerol, and
0.4 mM GS-GSMO (lanes 2 and 5) or 0.1 mM GS-DSDO (lanes
3 and 6) for 30 min. Samples-@3.5 ug of protein) were resolved
by 8-16% nonreducing SDSPAGE for protein staining with

00 ) y " ' " ) " Coomassie blue (A) or immunoblot with monoclonal mouse anti-

) GS-protein antibody (B). Control samples were those without
Time (sec) treatment with DSOs (lanes 1 and 4).

Ficure 3: Rate of oxidation of MNB by CPS-DSMO, CPS-DSDO,
GS-DSMO, GS-DSDO, and diamide. (A) MNB generated from 0.25 reactive toward GS-protein antibody. It is evident that this

mM DTNB + 0.06 mM cysteine in 0.2 M sodium phosphate buffer, antibody has a restricted specificity toward glutathionylated

0.6 -

0.4 4

Absorbance at 410 nm

0.2 1

B';Jg&‘;?‘;gg?;gf%&”& 3;/31'\4 g&?l-le(Sv[;?jia.n)w;i d9e6 é‘B'\;' '\;358 proteins. To further investigate the specificity and efficacy
was incubated without the addition of DS@)( with 32.5 0), 65~ ©Of these DSOs on cellular proteins, we compared the
(v), and 97.5M (v) CPS-DSMO; and 32.3&) and 65uM (0O) incorporation of $°S]JGS-DSMO and -DSDO into mouse

CPS-DSDO. Reaction of the sulfhydryl group of MNB with DSOs hippocampal extracts (Figure 5A). Incorporation 88|GS
resulted in the formation of mixed disulfide with concomitant from GS-DSDO (0.1 mM) into hippocampal proteins was
decrease in the absorbance at 410 nm. more rapid and reached a level nearly three times that of
modifiers of —SH groups and form mixed disulfides GS-DSMO at 0.2 mM, indicating that the former is more
guantitatively. The rate of reaction of GS-DSMO (8B1) reactive and possesses broader specificity. Autoradiography
with MNB was 2-3-times faster than that of CPS-DSMO of the thionylated proteins, following nonreducing SBS
(97.5uM), indicating that the reactivity of these compounds PAGE and transfer to a nitrocellulose membrane, revealed
is not only dependent upon the functional group, S-monoxide, that a large number of proteins were thionylated by these
but also on other structure features of these molecules.  DSOs (Figure 5B). These findings suggest that this type
Oxidative Modification of Proteins by GS-DSMO and GS- modification is widespread and may participate in a broad
DSDO. To test the efficacy of DSMO and DSDO in the range of cellular regulation. Among these thionylated proteins
modification of proteins, we initially employed antibody detectable by autoradiography only a limited number were
against GS-protein mixed disulfide for immunoblot analysis reactive toward the GS-protein antibody, its specificity was
using glyceraldehyde 3-phosphate dehydrogenaSe2(l, confirmed by the elimination of the majority of immuno-
22) and tubulin 23) as substrates, both of which are known reactive bands under reducing conditions (Figure 5C).
to be glutathionylated in oxidant-treated tissues. Treatment Modification of PKC by DSMO and DSD@ince a variety
of these two proteins with either 0.1 mM GS-DSDO or 0.4 of thiols are potential sources of DSOs, we compared the
mM GS-DSMO resulted in a retarded electrophoretic mobil- effect of DSOs derived from GSH and CPSH on PKC
ity shift under nonreducing SDSPAGE (Figure 4A). activity. All these compounds inhibited PKC activity with a
Immunoblot analysis with antibody against GS-protein potency order of GS-DSD® CPS-DSDO> GS-DSMO
(Figure 4B) showed a stronger reactivity toward the GS- and CPS-DSMO (Figure 6A). The §gfor GS-DSDO and
DSDO-treated tubulin and a much lower response to that CPS-DSDO were approximately 30 and 4&01, respec-
treated with GS-DSMO; this suggests that GS-DSDO is more tively. Even though CPS-DSDO had similar functional
reactive than GS-DSMO toward this protein. These DSOs groups and reacted with MNB with equal effectiveness as
can also thionylate polymerized tubulin. Although both the GS-DSDO, the former was much less potent than the latter
modified oo and S subunits of tubulin exhibited retarded in inhibiting PKC. These findings demonstrate that DSOs
mobility shifts, only the latter showed a strong reactivity to derived from different thiols have distinctive effects on their
the antibody. Both the GS-DSMO and the GS-DSDO-treated target proteins. Both GS-DSMO and CPS-DSMO at con-
glyceraldehyde 3-phosphate dehydrogenase were poorlycentrations less than 0.2 mM inhibited PKC poorly. The
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Ficure 5: Glutathionylation of mouse brain hippocampal extracts aggregates ™ -
with [35S]GS-DSMO and¥S]GS-DSDO. (A) Tissue extracts were MW (k)
incubated with 0.1 mM GS-DSD@) or 0.2 mM GS-DSMO @) 13—

and samples were taken at timed intervals for the determination of
[33S]GS-incorporation into protein. (B) After 30 min incubation with
DSOs, aliquots were taken for analysis by nonreducing -SDS
PAGE, and proteins were transferred to nitrocellulose membrane 52.9—
for autoradiography. (C) Immunoblot analysis of DSO-treated

samples with or without reduction by DTT using mouse monoclonal

antibody against GS-associated proteins. 35.4—

inhibitory effect of GS-DSMO over 0.4 mM varied greatly 29—

between different experiments. This unusual effect was not

seen in CPS-DSMO. The unusual inhibitory effect of GS- GS-PKC— @ -

DSMO on PKC could be in part due to glutathionylation of 1 2 3456 7 12 34506 7

PKC as well as causing the kinase to form aggregates, whichF cure 6 Inactivation of PKC by DSMO and DSDO. (A)
did not enter the 816% gradient nonreducing gel. The rate Conventional PKCso{ + 3 + y) preparation in 10 mM potassium
of inhibition mediated by 0.1 mM of GS-DSDO greatly Phosphate buffer, pH 7.5, containing 10% glycerol was incubated

with increasing concentrations of CPS-DSM®) (CPS-DSDOY),
exceeded that by 0.4 mM of GSSG or GSNO, two other GS-DSMO @), and GS-DSDO®) for 5 min at 30°C, and the

potential glutathionylating agents (Figure 6B). kinase activity was determined with 84S/DG. (B) Time course
Glutathionylation of PKC by GS-DSDO and GS-DSMO  of PKC inactivation without oxidant®) or that mediated by 0.1
could also be detected by immunoblot with a GS-protein mM GS-DSDO §), 0.4 mM GSSG @), and 0.4 mM GSNOY).
specific antibody (Figure 6C, lower panel). The extent of (Tg)e g::tivit%_meellsqreddat zero éirEe Withtc))ué oxidant w%s Sset at 1(_)0%0.I
: : utathionylation detecte antibo against -assoclate
thionylation l_)y 0.'1 mM GS'DSD.O was comparable to that protein. PKC (Zl u1g) was incuba);ed WithO)L/Jt (gljane 1) or with 0.4
by the combination of 0.5 mM diamide and 0.2 mM GSH. m\ each of GSSG (lane 2); 0.5 mM diamide 0.2 mM GSH
The thionylated PKC exhibited slightly retarded migration (lane 3); 0.4 mM GSNO (lane 4); 0.1 mM GS-DSMO(lane 5); 0.4
with an apparent molecular weight ef85 kDa, which is ~ mM GS-DSMO (lane 6); and 0.1 mM GS-DSDO (lane 7) for 5
larger than the unmodified form (82 kDa). The extent of TMin in d“]P'_'Cgtev and .t(;‘e (Ee3aCt'l‘\3ﬂ';s(IWffre e'tlr)‘er ter";'g%tedey
. . addition of lodoacetamide m e anel) or wit m
thionylation by 0.4 mM GS'D.SMO was much less than that DTT followed by the addition of iodoacet%mide (13 mM) (right
of GSNO or GSSG was negligible. It should be noted that PAGE, transferred to nitrocellulose membrane, and blotted with
the PKC detected by the PKC antibody in the 0.4 mM GS- antibody to detect PKC (upper panels) or GS-associated PKC (GS-
GSMO-treated sample was significantly less than the othersPKC) (lower panels).
due to aggregation of the kinase, which was poorly resolved When the modified PKC was reduced by DTT, no immuno-

in a nonreducing SDS gel (Figure 6C, upper left panel). reactive band was seen with the GS-protein specific antibody,
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while all the PKC antibody-positive bands migrated uni-
formly as 82 kDa protein with nearly equal intensity (Figure
6C, right panels).

To determine the stoichiometry of thionylation, PKZC
was incubated with3fS]GS-DSDO at 0.1 and 0.2 mM
for 30 min. The estimated stoichiometry of thionylation
was 4-5 mol/mol PKCf (4.6 + 0.49 mol/mol,n = 9) with

three separate kinase preparations. Tryptic digestion of the
thionylated PKC revealed at least four sites being modified

by GS-DSDO, including three in the regulatory domain
(QGFQC'QVC°C™FVVHK, m/z = 1928, containing one
GS; RC®HEFVTFSCG*PGADKGPASDDPR, Mz = 2946,
containing one GS; and®&SLNPEWNETFRm/z = 1928,

containing one GS) and one in the catalytic domain

(LGCGQEGER,m/z = 1222, containing one GS). The
precise site of thionylation in the zinc fingers®{QC™, C'%,
C’8 and C9 within the regulatory domain has not been

determined. Also, the site of thionylation mediated by GS-

DSMO was not determined due to a relatively low stoichi-
ometry in the presence of 0.4 mMP$]GS-DSMO (1.25+
0.2 mol/mol,n = 4) and the tendency of the modified PKC
p to form aggregates.

Incubation of PKCS with GS-DSDO resulted in gluta-
thionylation and inactivation of the kinase without causing
an increase in the C&PS/DG-independent activity (Figure
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7A). This is in contrast to those seen in the superoxide- and FIGURE 7: Reversibility of the GS-DSDO-mediated inactivation

H.O-induced modifications of PKC, in which the autono-
mous activity without activators is increase@4( 25).
Inactivation of PKC by GS-DSDO could be reversed by DTT
at a low level of thionylation; addition of 2 (50 uM)
slightly improved the reversibility by DTT. It became less

reversible as the extent of inactivation progressively increased
(Figure 7A). The completely inactivated kinase could not

be reactivated either by 10 mM GSH, 10 mM GSH10
uM glutaredoxin, or thioredoxin reductase (15 mi)1.6
mM NADPH + 8 uM thioredoxin (data not shown). The
lack of reversibility of the kinase activity in the extensively
thionylated PKC ¢ 3 mol/mol) by reducing agents, such as

of PKC by DTT/zZr#t. (A) PKC (~1 ug in 10 mM potassium
phosphate buffer, pH 7.5, containing 10% glycerol) was incubated
with 80 uM GS-DSDO, and samples were taken at timed intervals
for assay of the kinase activity witlOj or without C&/PS/DG
(¥). After 2 (»), 5 (@), 10 @), and 15 min #®) of incubation with
GS-DSDO, aliquots of the reaction mixture were taken and
supplemented with 10 mM DTH# 50 uM ZnSGO, for measuring
the kinase activity with Cd#/PS/DG. Kinase activity without
addition of GS-DSDO was used as contr@®)(and its activity at
zero time was set as 100%. (B) PKC (86) was incubated in
0.12 mL of buffer (10 mM potassium phosphate, pH 7.5, containing
10% glycerol) with 80uM [3°S]GS-DSDO at room temperature.
At the indicated times, reaction was terminated by addition of
iodoacetamide (2 mM), TCA (20%), and 100 of BSA as carrier

for protein precipitation to measuré$]-incorporation. To deter-

DTT and GSH, was not due to the inability of these agents mine the reversibility, aliquots were taken after® @nd 15 min
to release the GSH moiety from the kinase. In fact, the (¥) incubation with GS-DSDO and were added with DTT (10 mM)

[3°S]GS-moiety was almost completely released from the

thionylated PKC by 10 mM DT 50 uM Zn?* (Figure
7B). At a lower level of thionylation €2 mol/mol), the

+ ZnSQ, (50 uM). Samples were taken at different times for
measurement of{S]-incorporation into protein.

inactivated PKC was readily reversed by the reducing agentdomain was approximately 1.5-fold greater than that of the

with a concomitant release of GSH.

Differential Susceptibility of the GS-DSMO- and GS-
DSDO-Modified PKC to Limited Proteolysi$o determine
the structural changes resulting from modification of PKC
by GS-DSMO and GS-DSDO?°S-labeled PKCS was
subjected to limited proteolysis by trypsin (Figure 8). Native
PKC can be cleaved at the hinge region to generate-a 45
48 kDa catalytic and a 3338 kDa regulatory domairig).
Interestingly, the kinase modified by GS-DSDO was very

catalytic domain following incubation of PK@ with 0.4

mM [35S]GS-DSMO with a stoichiometry of 1.2 mol/mol.
The trypsinization patterns of the GS-DSDO-treated PKC
with a stoichiometry of~5 mol/mol were different from
those of the GS-DSMO-treated one. The catalytic domain
of PKC was not detectable in the GS-DSDO-treated sample
even after merely 1 min of tryptic digestion, although the
regulatory domain was identifiable by autoradiography
(Figure 8B) and by immunoblot (panel D). There were

susceptible to proteolysis (panels B and D) as compared toseveral lower molecular weight fragments formed after

that modified by GS-DSMO (panels A and C), and the

tryptic digestion, which presumably were derived from both

patterns of the resulting proteolytic fragments were distinct the catalytic and the regulatory domains. These results
between them. Both the catalytic and the regulatory domainssuggest that thionylation mediated by GS-DSDO induces

of the GS-DSMO-treated PK@ could be identified by
autoradiography (panel A) and immunoblot with a polyclonal

extensive conformational changes at the catalytic and regula-
tory domains so that numerous sites become susceptible to

antibody against PKC (panel C), suggesting that the modified tryptic digestion.

kinase exhibits similar susceptibility to proteolysis as the

GS-DSDO and CPS-DSDO Exhibit Different Specificities

native kinase. The extent of thionylation at the regulatory toward PKC. Incubation of PKC with GS-DSMO, GS-
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FiGURE 8: Thionylation of PKCS by [3°S]-labeled GS-DSMO and GS-DSDO and the susceptibility of the thionylated kinase to limited
trypsinization. Freshly reduced PKE (~15 ug) was incubated with 0.4 and 0.1 mM each &S]-labeled GS-DSMO (A and C) and
GS-DSDO (B and D), respectively, in B of reaction mixture containing 10 mM potassium phosphate buffer, pH 7.5, and 10% glycerol

at room temperature for 30 min. Before treatment with trypsin, aliquots (contairnegg of PKC ) were taken as zero time control (lane

1 in all panels). The remaining reaction mixtures were incubated with trypsin (1/80 of the amount of PKC) and saapigdPKC f5)

were taken after incubation for 1 (lane 2), 2 (lane 3), 3 (lane 4), 5 (lane 5), and 10 min (lane 6), and trypsinization was terminated with
soybean trypsin inhibitor (2@g). Reaction mixtures were resolved by nonreducingl8% SDS-PAGE, transferred to nitrocellulose
membrane for autoradiography (A and B), and immunoblot with polyclonal PKC antibody that recognizes both the catalytic and the regulatory
domains of PKC (C and D).
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Ficure 9: Thionylation of PKC mediated by GS-DSDO and CPS-
DSDO resulted in differential effects on the activator-independent s UL
activity. PKCs @ + j + y) preparation was incubated without i i
gggw%r; gfsogg?/lnct)go)) OE:;VISthDZON’%ASséagljc?gg{)géon:)w Ficure 10: Limited trypsinization of CPS-DSMO- and CPS-

DSDO-treated PKG3. Freshly reduced PK@ (~15 ug) was
and samples were taken at timed intervals for assay of PKC activity .
with C&2+/PS/DG or 2 mM EGTA without activator. Kinase activity ~incubated with 0.4 mM each of CPS-DSMO (A) or CPS-DSDO
with C&2+/PS/DG (solid lines) at zero time in sample without (B) in 50 uL of reaction mixture containing 10 mM potassium
oxidant was set as 100% and the ratio of independent activity Phosphate buffer, pH 7.5, and 10% glycerol at room temperature

(+EGTA/+activators) (dotted lines) was calculated for each time [OF 30 min. After the reaction, samples-2 ug of PKC f) were
point. taken before treatment with trypsin (lane 1 in all panels) as zero

time control. The remaining mixtures were treated with trypsin (1/
80 of the amount of PKC) for 1 (lane 2), 2 (lane 3), 3 (lane 4), 5

DSDO, and CPS-DSMO caused inactivation of PKC activity (an€ 5). and 10 min (lane 6), and trypsinization was terminated
T . . . with soybean trypsin inhibitor (2@g). Reaction mixtures were
measured in the presence of activators,'®5/DG, without resolved by nonreducing-816% SDS-PAGE and stained with
a significant effect on the activator-independent activity Coomassie blue. Those heavy protein bands of molecular weight
measured in the presence of EGTA (Figure 9). In contrast, lower than 29 kDa were derived from the added trypsin inhibitor.
treatment of PKC with CPS-DSDO resulted in an increase
in the percent of independent activity. These results suggestCPS-DSDO-treated kinase (Figure 10B) was more suscep-
that CPS-DSDO modifies PKC distinctively from those by tible to proteolysis than the catalytic domain. The heavy
the other DSOs. To confirm this prediction, PK& was Coomassie blue-stained protein bands with molecular weights
treated with CPS-DSMO and CPS-DSDO and subjected to ranging from 29 to 21 kDa in all samples were derived from
limited proteolysis (Figure 10). Digestion of the CPS-DSMO- the added trypsin inhibitor. These results suggest that the
treated PKC (Figure 10A) resulted in the formation of the regulatory domain of PKC is modified by CPS-DSDO in
catalytic and regulatory domains revealed by staining of the such a manner so that multiple sites are exposed to tryptic
protein with Coomassie blue; these patterns were similar to digestion. These results demonstrate that CPS-DSDO and
those of the GS-DSMO-treated PKC. Interestingly, unlike GS-DSDO have distinct specificity toward different PKC
the GS-DSDO-treated PKC, the regulatory domain of the domains.



Modification of Protein by Reactive Sulfur Species Biochemistry, Vol. 46, No. 7, 20071969

DISCUSSION analogous to those mediated by different protein kinase-
catalyzed phosphorylation. Previously, tubulig3) and
Recently, DSMO and DSDO were proposed as potential glyceralehyde 3-phosphate dehydrogendse 21, 45, 46)
signaling molecules of reactive sulfur species because of theirhgye been shown to be potential targets of glutathionylation,
generation in the oxidant-treated brain slices and their high gnd their thionylation can be replicated by treatment with
reactivity toward protein sulfhydryl groupt(26—28). The  gjther GS-DSMO or GS-DSDO. Since the currently available
mechanism for the synthesis of these compounds in vivo is method for the characterization of thionylated protein is still
still unknown. Here, we showed that both DSMO and DSDO |imited, application of radioactive DSOs will facilitate the
can be prepared in bulk quantity with high purity by jdentification of target proteins and their sites of modification.
oxidation of thiols with HO, using iron or MTO as catalyst.  previously, the C&/PS/DG-activated PKCs were shown to
It is generally believed that oxidation of thiol by-&, in be thionylated by a combination of thiol-specific oxidant
the presence of iron involves the formation of a hydroxyl diamide and glutathione and resulted in an inactivation of
radical,«OH, which reacts with thiol to form thlyl radical the kinase{?y 48) Both the regu|atory and Catajytic domains
and then disulfide ¥8). Further oxidation of disulfide  of PKC contain several cysteine residues susceptible to
generates DSOs, sulfinic acid, and sulfonic acid. However, modification by DSOs. For these conventional PKCs, the
based on the kinetics of thiol oxidation in the presence of two zinc fingers in the regu|at0ry domain each contain six
iron to form DSMO (monitored at 244 nm) (Figure 1), we regularly spaced cysteine residues that fold to coordinate two
noticed that the rate of oxidation of GSH was much faster zinc atoms 49) and the Cata|ytic domain contains several
than that of GSSG, suggesting that DSMO is the initial cysteine residues that are not coordinated with metal and
product of thiol oxidation rather than the secondary reaction are free to react with modifier. Oxidative modification of
product of oxidation of GSSG. Thiol reduces*Feo F&* the regulatory domain frequently causes an increase in the
and forming thiyl radicalZ9) and the resulting Pé catalyzes  autonomous activity of PKC, whereas that of the catalytic
the decomposition of ¥, to generate reactive intermediate  domain induces inactivation of the kinase activig), Even
peroxo (FE*OOH) (30) or iron (IV)-oxo (FeG™) species  though the regulatory domain of PKC was thionylated by
(31) andsOH andsOOH radicals §2) by the Fenton reaction.  GS-DSDO, there was no increase in the autonomous activity.
These radicals can also react with thiol to form the thiyl |n contrast, PKC treated with CPS-DSDO resulted in a
radical. It seems that the thiyl radical reacts with the iron sjgnificant increase in the activator-independent activity.
peroxo and iron-oxo intermediate andAdH and«OOH These findings suggest that different thiol-containing com-
radicals to generate DSOs. In the*Hehiol/H,0, system,  pounds, when converted into their respective DSDOs, may
thiyl radical andeOH are also formed3g, 34). In this case,  have distinct regulatory functions through thionylation of
the thiyl radical is generated BYDH-mediated oxidation of  proteins. It also implies that thiol-containing drugs, e.g.,
thiol. The MTO-catalyzed oxidation of thiols by2B; is CPSH, and DSO-containing natural products, e.g., allicin
believed to be initiated by nUCleOphiliC attack of the sulfur derived from gar"c and S-methy| methanethiosulfonate
atom at the oxygen atom of mono- or di-peroxorhenium (CH,S(0O)SCH;) derived from cauliflower and cabbage, may

complexes 14). Transfer of one oxygen to the sulfur atom function as thionylating agents in accounting for their
of thiol generates sulfenic acid and transfer of two oxygen peneficial health effects.

atoms becomes sulfinic acid. Condensation of two sulfenic  gjng PKC g (containing 21 cysteine residues) as a
acids produces DSMO and that of sulfenic and sulfinic acids yepresentative member of the conventional PKCs for detailed
generates DSDO. Alternatively, further oxidation of DSMO analysis, we showed that this kinase was thionylated by
by peroxorhenium could also produce DSDO. Formation of [33S]GS-DSDO up to a stoichiometry of-% mol/mol,

DSOs by direct oxidation of thiol is kinetica”y more whereas GS-DSMO On'y achieved an incorporation of

favorable than that of disulfide by MTOM®, (Figure 1).  gpproximately 1 mol/mol. Similar respective degrees of
We speculate that in vivo DSOs may be generated by thosethjonylation of PKCa andy (containing 20 and 22 cysteine
reactions catalyzed by cytochrome P-436838) and flavin-  yesjdues, respectively) as PKGvere also observed by these

containing monooxygenase3y 38, 39), which are known o compounds. The stoichiometry of thionylation mediated
to transfer activated oxygen to sulfur atom. Furthermore, by DSOs derived from CPSH has not been determined. It is
sulfur-centered radicals of higher oxidative states such asgyrprising that DSMO and DSDO have such a difference in
sulfinyl (RSG), sulfonyl (RSQe), and thiol peroxy (RSO®  the stoichiometry of the thionylation of PKC since only the
radicals are generated by reaction of thiyl radicals with exposed cysteine residues are susceptible to thionylation by
molecular oxygen40, 41). Sulfinyl radicals are also gener-  these compounds. It is likely that the RSg@)nctional group
ated by oxidation of thiol with superoxiddZ, 43) and with a5 a greater accessibility to those cysteine residues as
peroxynitrite in the presence of carbon dioxidd)( Reaction compared to the RS(O)-group. Since the GS-DSMO-treated
of thiyl radical with sulfinyl and sulfonyl radicals could also  pkc has a tendency to from aggregates, it appears that the
generate DSMO and DSDO. initial thionylation causes a subsequent formation of inter-
Oxidant-induced thionylation of proteins is a widespread or intramolecular disulfide and thus results in a low stoichi-
biological phenomenon in various cellular compartments, yet ometry of thionylation. Although thionylation of PKG by
mechanisms of these modifications are not entirely clear. GS-DSDO and CPS-DSDO increases the susceptibility of
Chemically synthesized DSOs are useful reagents for thethe kinase to limited proteolysis, these two compounds may
characterization of the alteration of protein function resulting cause different structural changes in the kinase; as a result,
from thionylation by a variety of thiols. The distinct the catalytic and regulatory domains of the GS- and CPS-
specificity inherent among DSOs derived from different thionylated kinase exhibit different susceptibility to pro-
thiols could contribute to a broad range of cellular responsesteolysis. The effects of GS-DSMO and CPS-DSMO on PKC
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are, however, comparable based on their inhibition of the
kinase activity as well as their effects on the modified kinase
during limited proteolysis. Since the DSDO-mediated thionyl-
ation of PKC greatly enhances its susceptibility to degrada-
tion by protease, we propose that this process may also
contribute to the oxidant-mediated proteolysis in céell$)(
DSDO with its higher oxidative state could serve as a signal
molecule to trigger proteolytic degradation of protein under
oxidative stress. The diverse effects of various reactive sulfur
species toward PKC may serve as a prototype for the design
of drugs to target a specific group of proteins for therapeutic
application.

The current study extended our previous findings that GS-
DSMO and GS-DSDO were potential cellular modifiers of
neurogranin, a small molecular weight protein (7.5 kDa) of
little structural feature, for redox regulation of its function
(4). Using a structurally more complex molecule such as PKC
for investigating the structural and functional relationship
after modification by DSOs, we have illustrated here several
intricate effects of these compounds on PKC resulting from
their unique specificities toward the different PKC domains.
The efficacies of DSOs in modifying protein sulfhydryl group
were significantly greater than those of GSSG and GSNO,
and these DSOs are likely mediators of oxidants, such as
H,0,, superoxide, nitric oxide, and peroxynitrite generated
in vivo. The same implication is also applicable to other
sulfhydryl compounds, which are converted to their respec-
tive DSOs for the modification of protein. Considering the
widespread presence of sulfur-containing compounds in
biological systems and in the environment, the reactive sulfur
species must play a broad range of oxidant-regulated cellular
responses.
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